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The CDC37 gene is essential for the activity of p60¥=>" when expressed in yeast cells.
Since the activation pathway for p60v=" and steroid hormone receptors is similar, the
present study analyzed the hormone-dependent transactivation by androgen receptors
and glucocorticoid receptors in yeast cells expressing a mutant version of the CDC37
gene. In this mutant, hormone-dependent transactivation by androgen receptors was
defective at both permissive and restrictive temperatures, although transactivation by
glucocorticoid receptors was mildly defective only at the restrictive temperature. Cdc37p
appears to function via the androgen receptor ligand-binding domain, although it does
not influence receptor hormone-binding affinity. Models for Cdc37p regulation of steroid

hormone receptors are discussed.

INTRODUCTION

The Hsp90 chaperone machinery is known to function
in signal transduction processes. These include the
regulation of protein kinase activity and stabilization
of the high-affinity ligand-binding conformation of
steroid hormone receptors. Several other molecular
chaperones including Hsp70 and dna] proteins appear
to function with Hsp90 (Perdew and Whitelaw, 1991;
Kimura et al., 1995). Other proteins known to bind
Hsp90 include peptidyl prolyl isomerases, p60, p50,
p48, and p23 (for review, see Bohen and Yamamoto,
1994).

The p50 protein has been shown to bind quantita-
tively to Hsp90 (Whitelaw ef al.,, 1991) and to be
present in complexes formed between Hsp90 and the
protein tyrosine kinase p60v*'¢, when isolated from
animal cells (for review, see Brugge, 1986), or when
reconstituted in rabbit reticulocyte lysates (Hutchison
et al., 1992). Recently, mammalian p50 was identified
as an orthologue of the yeast cell division cycle gene
CDC37 and was shown to be involved in stabilization
of cyclin-dependent kinases CDK4 and CDK6 (Dai et
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al., 1996; Perdew et al., 1997; Stepanova et al., 1996). In
yeast, Cdc37p is also important for stabilization of the
Cdc28 cyclin-dependent kinase (Gerber et al., 1995),
suggesting that p50/Cdc37 function is conserved in
lower and higher eukaryotes. Both Hsp90 and Cdc37p
were also identified as components of the signal trans-
duction pathway leading from the sevenless receptor
involved in Drosophila eye development (Cutforth and
Rubin, 1994; for a recent review on Cdc37, see Hunter
and Poon, 1997).

Further evidence for p50/Cdc37p conservation was
suggested by recent genetic studies in yeast showing
that mutation in CDC37 reduced p60¥-"< activity (Dey
et al., 1996b). In wild-type yeast cells, expression of
p60v™ results in a lethal phenotype due to abnormal
protein phosphorylation on tyrosine residues (Bos-
chelli et al., 1993; Florio et al., 1994). Both CDC37 and
the YDJ1 molecular chaperone are important for this
activity since mutations in either can suppress the
lethal phenotype resulting from p60¥" expression
(Dey et al., 1996a,b).

Besides regulating p60v=' activity, Ydjlp is a mo-
lecular chaperone known to function in hormone-de-
pendent transactivation by steroid hormone receptors
(Caplan et al., 1995; Kimura et al., 1995; also see Bohen
et al., 1995). P50/Cdc37, however, has only been
shown to function in regulating protein kinase activ-
ity. Furthermore, it was not observed to associate with
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unliganded steroid hormone receptor complexes con-
taining Hsp90 (Whitelaw et al., 1991; Stancato et al.,
1993; Nair et al.,, 1996). Together, these observations
suggest that p50/Cdc37 is specific for protein kinase
activity and is not involved in steroid receptor regu-
lation. On the other hand, conditions that lead to the
formation of Hsp90—p60¥-*" complexes and to the ac-
tivation of p60¥-"® protein are similar to those regu-
lating steroid hormone receptor function, suggesting a
common activation pathway (Hutchison et al., 1992;
Dey et al., 1996a). To clarify whether p50/Cdc37 is also
important for steroid hormone receptor activation, we
tested whether a mutation in the yeast CDC37 gene
affected hormone-dependent transactivation by an-
drogen receptors (AR) and glucocorticoid receptors
(GR).

MATERIALS AND METHODS

Yeast Strains and Growth Conditions

Yeast cells were cultured in selective media (0.67% yeast nitrogen
base, 2% glucose plus amino acids) using standard procedures. The
temperature-sensitive strain 8A7 (MAT«a cdc37-34, leu2, lys2, trpl,
ura3) was used as genetic background for these studies. Plasmid
transformation was performed by the LiAc procedure as described
by Geitz et al. (1995). Plasmids used in this study were: pG1hAR
(human AR; 14), pABC (AR'-%%°, TRP1; 14), pGAL-37 (GAL1 pro-
moter, CDC37, 2 u, URA3) pPGKarelacZC (lacZ reporter gene under
control of androgen response elements, URA3; Purvis ef al., 1991),
pPGKgal-hAR (galactose-inducible AR gene, LEU2; Purvis et al.,
1991), and pGN795 (rat GR, TRP1; Schena and Yamamoto, 1988),
pRSS2 (CDC37, CEN/ARS, URA3).

The isogenic wild type was prepared from the strain AFY14 (8A7
with pG1hAR and pPGKarelacZC) by transformation of a 6-kb
DNA fragment containing the wild-type CDC37 gene [isolated by
Sall/HindIII digestion from pRSS2 (Dey et al., 1996b] and a selection
of colonies that grew at 37°C. The resulting strain was termed
AFY17. Replacement of the mutant cdc37-34 gene was verified by
genomic DNA sequencing. Strains containing pABC, pPGKgal-
hAR, and pGN795 were prepared after deselection of pG1hAR from
AFY14 and AFY17 on nonselective media and subsequent transfor-
mation by these plasmids. The resulting strains all contained the
pPGKarelacZC reporter plasmid. The strain containing the hsp82
temperature-sensitive mutant was described previously (Nathan
and Lindquist, 1995; Fang et al., 1996).

Recovery of the cdc37-34 Gene

The original genomic clone containing the CDC37 gene in YCp50
was digested with Xbal to remove a 1.79-kb restriction fragment
containing 1.14 kb of the open reading frame and 649 bp of up-
stream sequence. The linearized DNA was isolated from low melt-
ing point agarose and transformed into the cdc37-34 strain A34 (Dey
et al., 1996b). Plasmids recovered from the resulting temperature-
sensitive transformants were transformed into A34 and the cdc37-1
strain 14A (Dey et al., 1996b). Both strains remained temperature-
sensitive when harboring this plasmid. The mutation in the cdc37-34
gene was characterized by DNA sequencing.

B-Galactosidase Activity Assay

Yeast cells were grown to early log phase (A4 = 0.2) and preincu-
bated at 25°C or 37°C for 1 h before addition of dihydrotestosterone
(DHT) for AR or deoxycorticosterone (DOC) for GR. The cells were
incubated for another hour prior to preparation of extracts as de-
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scribed by Caplan et al. (1995). B-Galactosidase activity assays have
been described previously by Caplan et al. (1995).

Hormone-binding Assays

Yeast cells were grown in selective media containing 2% raffinose to
Agoo = 0.2 and incubated at 25°C or 37°C in 1-ml aliquots for 30 min.
AR was inducibly expressed from the GAL1 promoter (by addition
of galactose to 2% vol/vol) for 30 min. The expression was termi-
nated by addition of glucose to 2% (vol/vol), and the cultures were
incubated for another hour at 25°C or 37°C. [*H]R1881 (diluted 1:50
with cold R1881) plus or minus 10 uM DHT was titrated into the
cells, which were incubated with shaking for another 1.5 h, washed
three times with 1 ml of water, and counted in 5 ml of scintillation
fluid. Nonspecific cpm (typically 7% of total counts) were calculated
from the samples containing 10 uM DHT and subtracted from the
cpm for samples incubated in the absence of excess DHT.

Ligand competition assays were performed by growing yeast
cells to Agyy = 0.2, incubating at 25°C or 37°C for 30 min, and adding
100 nM R1881 (2 nM [*H]R1881 and 98 nM unlabeled R1881) in the
presence or absence of 25 uM hydroxyflutamide (Scherring-Plough,
Kenilworth, NJ; stored in ethanol). The cells were incubated for 1.5 h
at 25°C or 37°C before being washed three times with water and
counted in 5 ml of scintillant in a scintillation counter.

Preparation of Monoclonal Antibody to Cdc37p

The CDC37 gene was fused to Escherichia coli maltose-binding pro-
tein by ligating a 2.2-kbp EcoRV-Sall restriction fragment containing
the CDC37 gene to the Stul site in the pMALc plasmid supplied by
New England Biolabs (Beverly, MA). This construction results in a
fusion of residues 49-499 of Cdc37p with the 43-kDa maltose-
binding protein to yield a ~95-kDa protein. A mixture of soluble
Cdc37p-maltose-binding protein fusion protein isolated on an amy-
lose-affinity resin (New England Biolabs) and fusion protein iso-
lated from polyacrylamide gels emulsified with Freund’s complete
adjuvant was injected s.c. into 6-wk-old BALB/c mice. A second
injection of fusion protein in incomplete Freund’s adjuvant was
performed 1 month later. Mice with high titer sera were killed, and
spleen cells were fused to NS-1 human myeloma cells to produce
hybridomas. A producer line was injected i.p. into pristine-treated
BALB/c mice. Ascites fluid was recovered and antibody was iso-
lated on protein G agaraose according to the specifications of the
manufacturer (Life Technologies, Gaithersburg, MD).

Miscellaneous

Western Blot analysis was performed by standard procedures using
a chemiluminescent detection kit (Pierce, Rockford, IL). Polyclonal
antisera to AR was described previously (Fang et al., 1996).

RESULTS

The yeast CDC37 gene was recently identified as a
component of the cellular apparatus that controls
p60v=rc activity (Dey et al., 1996b). To determine
whether Cdc37p also functions in steroid hormone
receptor activation, a temperature-sensitive cdc37 mu-
tant strain was used to study hormone-dependent
transactivation by AR and GR. This mutant contains
the same cdc37-34 gene originally isolated as a sup-
pressor of p60v=re lethality (Dey et al., 1996b). The
mutant gene was sequenced after plasmid rescue and
was found to contain a single base change (C to T) at
nucleotide 41 of the open reading frame. This change
results in a predicted amino acid substitution at posi-
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tion 14 from serine to leucine. This residue is one of
two serines that are phosphorylated in vivo by casein
kinase II (the other is serine 17), and replacement of
both serines with alanine reduces Cdc37p activity
(McCann and Glover, unpublished results). Compari-
son of p50/Cdc37 sequences from human, mouse,
Drosophila, and yeast reveals serine 14 to be part of the
most conserved region of these p50/Cdc37 sequences,
from amino acids 1 to 38, which are over 50% identical
and 70% conserved (Figure 1).

Cdc37p Functions in AR Activation

Previous studies with the yeast system have demon-
strated that constitutively expressed full-length AR
mediates transcription of the E. coli lacZ gene in a
DHT-dependent manner (Purvis et al., 1991; Caplan et
al., 1995; Fang et al., 1996). Mutations in genes regu-
lating receptor activation result in decreased hor-
mone-dependent transactivation by AR. Two genes
which function in this capacity encode the well-char-
acterized molecular chaperones Ydjlp and Hsp90
(Caplan, 1997; Caplan et al., 1995; Fang et al., 1996).

For the present study, the cdc37-34 mutant and an
isogenic wild-type strain were assayed for DHT-de-
pendent lacZ gene expression at two different temper-
atures: 25°C, which is permissive for both strains, and
37°C, which is restrictive for the mutant strain. Incu-
bation of the wild-type strain with 100 nM DHT for 1 h
induced B-galactosidase activity to 22-fold above the
background at 25°C and 79-fold at 37°C (Figure 2A
and B, respectively). -Galactosidase levels in the un-
induced and induced states were similar to those pre-
viously observed in other wild-type yeast strains
(Caplan et al., 1995; Fang et al., 1996) and were approx-
imately fourfold higher at 37°C than at 25°C (compare
Figure 2 A with B). In the cdc37-34 mutant strain,
however, B-galactosidase induction was 5-fold lower
than the wild type at 25°C, and at 37°C it was almost
80-fold lower than the wild type (Figure 2, A and B).
Similar results were obtained using the synthetic an-
drogen R1881. Transactivation by AR is therefore de-
fective at both permissive and restrictive temperatures
in the cdc37-34 mutant, although the defect is more
severe at 37°C as was previously found with p60v-=c
activity (Dey et al., 1996b).

The results show in Figure 2A and B that loss of
Cdc37 function negatively affects the activation of
human AR expressed in yeast, and that this defect
was overcome by replacement of the mutant gene
with the wild type. However, the mutant phenotype
was barely suppressed in cells coexpressing
genomic cdc37-34 and the wild-type gene on a low
copy number plasmid (approximately twofold acti-
vation above the mutant alone; Figure 2C). Similar
results were obtained by crossing the cdc37-34 mu-
tant with wild-type strain W303 1la (Thomas and
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Y CDC37-34 L

Y CDC37 MAIDYSKWDKIELSDDSDVEVHPNVDKKSFIKWKQQS 37

D CDC37 M-V*****RKN**I***E*_DT***I[*TP*LFR*RE*A 35

H CDC37 M-V***V**H** YA **EX_*Tr**[*TAXLFR*RH*A 35

M CDC37 M-V**XYX*HrAY***EF_ a4+ * TX*TA*LFR*RH*A 35

Figure 1. Cdc37 protein sequences. Comparison of the N-terminal
region of p50/Cdc37 proteins in single letter amino acid code from
S. cerevisiae (Y), Drosophila melanogaster (D), human (H), and mouse
(M). Conserved residues are denoted by a star. The position of the
S14L mutation in cdc37-34 is shown by an arrow.

Rothstein, 1989). The resulting diploid was also de-
fective for DHT-dependent lacZ gene expression,
although a similar cross between the isogenic wild-
type and W3031la generated a diploid with wild-
type DHT-dependent lacZ gene expression. This in-
dicates that the cdc37-34 mutant gene is partially
dominant over the wild type. The mutant pheno-
type could be fully suppressed, however, by over-
expression of wild-type CDC37 from the GAL1 pro-
moter on a multicopy plasmid (Figure 2D). In this
case, expression of wild-type CDC37 was sup-
pressed by growth in glucose and induced by
growth in galactose (Figure 3A). Induction of Cdc37
by growth in galactose restored AR activation to
wild-type levels, although even the presence of glu-
cose AR activation was increased in this strain (com-
pare Figure 2D, lane 2 with Figure 2A, lane 4 and
Figure 2C, lane 2). This partial suppression may
result from leakage of Cdc37p from the GAL pro-
moter in cells grown in glucose, since increased
levels of Cdc37p were observed in these cells (Fig-
ure 3A and below).

To further investigate the cdc37-34 mutant pheno-
type, the levels of Cdc37 protein were analyzed by
Western blot analysis of whole-cell extracts prepared
from strains expressing either the mutant gene, the
wild-type gene, or a combination of both genes. The
results of these experiments (Figure 3A) show that the
level of Cdc37 protein in the cdc37-34 mutant was
reduced by approximately 20-fold compared with the
levels found in the wild-type strain (compare lanes 1
and 4). Furthermore, the mutant appears to have a
dominant effect on the level of wild-type Cdc37p,
since there appears to be very little increase in the
levels of protein in cells expressing both genes in
single or low copy, even though these cells can grow
at 37°C, albeit with a reduced rate compared with
wild-type cells (Figure 3B). Overexpression of Cdc37p
from the GAL1 promoter on a multicopy plasmid also
resulted in reduced cell growth at 37°C, even though
activation of the AR was restored to wild-type levels
in these cells. There was only a slight change in the
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Figure 2. Transactivation by AR is defective in a cdc37 mutant
strain. (A) B-Galactosidase activity in wild type (WT; lanes 1 and 2)
and cdc37-34 mutant (cdc37; lanes 3 and 4). Cultures incubated at
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levels of mutant Cdc37 protein in cells grown at 37°C
compared with 25°C.

Cdc37p Functions via the AR Ligand-binding
Domain But Does Not Affect Hormone-binding
Affinity

Although there is a marked decrease in the hormone-
dependent transactivation by AR in the cdc37-34 mu-
tant, there was no significant difference in receptor
protein levels compared with the wild type (Figure
4A, lanes 1 and 2). Similar protein levels were also
observed upon expression of a truncated version of
the AR gene (AR'"%°) which lacks the ligand-binding
domain (Figure 4A, lanes 3 and 4).

Previous studies have shown that deletion of the
ligand-binding domain liberates the receptor from
hormone dependence and also from factors that func-
tion in AR regulation via this region. A mutation in the
YDJ1 gene, for example, results in defective transacti-
vation by AR (Caplan et al., 1995). This defect was
suppressed by deletion of the ligand-binding domain
however, suggesting that Ydjlp functions via this re-
gion. To determine whether Cdc37p also functions via
the ligand-binding domain, AR'~%%" was constitutively
expressed in wild-type and cdc37-34 mutant strains.
Hormone-independent lacZ reporter gene expression
was then assayed by measuring steady-state B-galac-
tosidase activity. B-Galactosidase activity in these
strains was observed to be 200-fold higher than the
hormone-independent levels normally found in wild-
type cells expressing full-length AR (Figure 4B, com-
pare with Figure 2A, lanes 1 and 3). Furthermore, the
levels in both wild-type and cdc37-34 mutant strains
were very similar, suggesting that Cdc37p loss of
function affected neither the folding of AR nor its
ability to induce lacZ gene expression (or the folding
and activity of B-galactosidase). This suggests that
Cdc37p functions specifically via the ligand-binding
domain in hormone-dependent activation of AR.

Previous studies have shown that Hsp90 associates
with the AR ligand-binding domain (Mariovet et al.,
1992) and maintains it in a high-affinity hormone-

25°C were treated with (lanes 2 and 4) or without (lanes 1 and 3) 100
nM DHT for 1 h. (B) As in A except that the cultures were incubated
at 37°C for 1 h before hormone administration and for 1 h afterward.
(C) B-Galactosidase activity in the cdc37-34 mutant strain containing
low copy number vector (pRS316; lanes 1, 2, 5, and 6) or plasmid
containing CDC37 (pRSS2; WT in lanes 3, 4, 7, and 8). The cells were
incubated with (lanes 2, 4, 6, and 8) or without (1, 3, 5, and 7) 100 nM
DHT for 1 h at 25°C or 37°C as indicated. (D) B-Galactosidase
activity in the cdc37-34 mutant containing the multicopy 2 u plas-
mid containing CDC37 under control of the inducible GAL1 pro-
moter. Cells grown in glucose (GLU; lanes 1, 2, 5, and 6) or galactose
(GAL, lanes 3, 4, 7, and 8) were incubated with or without DHT at
25°C or 37°C as indicated. All results are the mean of three inde-
pendent experiments.

Molecular Biology of the Cell



Role of Cdc37p in Steroid Hormone Receptor Regulation

A 4 & B

£
&
Py AL

é\ GLU GAL

-a— Cdc37p

1 2 3 4 5 6

Figure 3. Characterization of the cdc37-34 mutant. (A) Western Blot analysis of Cdc37 protein in whole-cell extracts from cdc37-34 cells
(cdc37) grown at 25°C (lane 1) or 37°C for 1 h (lane 2), cdc37-34 cells containing pRSS2 (wild-type CDC37 on a low copy number plasmid;
lane 3), wild-type cells (lane 4), and cdc37-34 cells containing pGAL-37 grown in glucose (lane 5) or galactose (lane 6). Full-length Cdc37p
is arrowed. Bottom panel, reprobing the same filter with antisera against phosphoglycerate kinase (PGK; arrowed). (B) Serial dilutions of
yeast cells and growth at 25°C or 37°C. WT, wild-type cells; cdc37, cdc37-34; cdc37 /WT, cdc37-34 with pRSS2 (low copy number plasmid with

CDC37); ¢dc37/pGAl-37, cdc37-34 with multicopy plasmid containing CDC37 under galactose promoter control.

binding state (Fang et al., 1996). In the absence of
functional Hsp90, the AR adopts a low-affinity confor-
mation with a reduced capacity for the agonist R1881
(Fang et al., 1996). To determine whether Cdc37p also
affects hormone-binding affinity, direct ligand-binding
studies were performed by titrating [’H]R1881 against
growing yeast cultures at permissive and restrictive
temperatures. The data shown in Figure 5A demon-
strate that there was very little difference in the ability
of AR to bind [*H]R1881 in wild-type or cdc37-34
mutant cells, at either temperature. This contrasts with
the decreased capacity of R1881 to bind to AR upon
Hsp90 loss of function (Fang et al., 1996), and indicates
that the hormone-binding affinity of AR is not com-
promised in the cdc37-34 mutant strain.

This was confirmed using a ligand competition as-
say with the anti-androgen hydroxyflutamide. This
drug is a poor competitor of androgens when the AR
is in functional association with Hsp90, but a potent
competitive inhibitor upon Hsp90 loss of function
(Fang et al., 1996). Ligand competition was performed
by incubating yeast cultures with [PHJR1881 in the
presence or absence of a 250-fold excess of unlabeled
hydroxyflutamide. As a positive control, this experi-
ment was performed with an hsp82 mutant (Nathan
and Lindquist, 1995) that displayed conditional com-
petition by hydroxyflutamide (Fang et al., 1996). At the
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permissive temperature, little competition by hy-
droxyflutamide occurred in the hsp82 mutant, but at
the restrictive temperature a 250-fold excess of hy-
droxyflutamide reduced specific binding of R1881 by
80% (Figure 5B). In cdc37-34, however, there was neg-
ligible competition by hydroxyflutamide at permissive
or restrictive temperatures. This lack of competition
suggests that the integrity of the high-affinity hor-
mone-binding state is maintained in the cdc37-34
strain.

Transactivation by GR in the cdc37-34 Mutant

Hormone-dependent  transactivation experiments
were performed with GR to determine whether the
defect in AR activation was general to other steroid
hormone receptors. For these studies, a plasmid con-
stitutively expressing full-length rat GR was trans-
formed into wild-type and cdc37-34 strains containing
the same reporter plasmid used for the AR studies.
The androgen response elements contained in this
plasmid also correspond to consensus GR-binding se-
quences (Ham et al., 1988), indicating that activated
GR would induce lacZ gene expression. This was
found to be the case, since 3-galactosidase activity was
induced by DOC to similar levels compared with the
wild-type containing AR at 25°C (compare Figure 2A,
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Figure 4. Transactivation by AR %0 in wild-type and cdc37-34
mutant strains. (A) Western blot analysis of AR (lanes 1 and 2) and
AR (lanes 3 and 4) in wild-type (WT) and cdc37-34 (cdc37)
mutant cell extracts. Analysis was performed using whole-cell ex-
tracts (1 ug in lanes 1 and 2 and 5 ug in lanes 3 and 4) probed with
anti-AR polyclonal antisera. Molecular weight size standards are
shown in kDa. Star denotes breakdown product from AR, (B)
Steady-state B-galactosidase activity in wild-type (WT; lane 1) and
cdc37-34 (cdc37; lane 2) mutant strains constitutively expressing
AR'-%%0_ Results are the mean of three independent experiments.

lanes 1 and 2 with Figure 6, lanes 1 and 2). There was
some difference in induction at 37°C, however, since
B-galactosidase activity was not enhanced over the
levels observed at 25°C, as was found with AR (see
Figure 2), but was reduced slightly. The reason for this
is unclear since greater induction by GR at 37°C com-
pared with 25°C has been observed in other yeast
strains (Nathan and Lindquist, 1995).

When induction in the wild-type and cdc37-34 mu-
tant was compared, there were also some surprising
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differences that contrasted with the AR results shown
in Figure 2. The major difference was the finding that
GR induction at the permissive temperature (25°C) in
the cdc37-34 and wild-type strains was similar (ap-
proximately 30-fold above the background in both
cases, Figure 6A). At 37°C, however, the levels of
induced B-galactosidase were reduced by twofold in
the mutant compared with the wild type (Figure 6B).
The background B-galactosidase levels were also
threefold higher in the mutant incubated at 37°C com-
pared with the same strain incubated at 25°C or the
wild type at either temperature. Since the background
levels were increased, the induction ratio in the mu-
tant strain was only 2.5-fold compared with a mean
15-fold induction in the wild-type strain. Similar back-
ground increases were not observed with AR in this
strain.

DISCUSSION

In this report, the yeast CDC37 gene has been shown
to have a differential function in the hormone-depen-
dent transactivation by heterologously expressed hu-
man AR and rat GR. AR function was reduced se-
verely at both permissive and restrictive temperatures
in the cdc37-34 mutant, whereas GR activity was sim-
ilar to the wild type at the permissive temperature and
only mildly reduced at the restrictive temperature.
The cdc37-34 allele was also shown to be partially
dominant negative for AR activation and also for the
levels of wild-type Cdc37 protein (Figures 2 and 3). By
correlation, therefore, the AR appears to require at
least wild-type levels of Cdc37 protein for its activa-
tion, whereas the GR can apparently function quite
well even with substantially reduced levels of Cdc37p.
This is consistent with previous observations in which
the GR was not found to associate with p50/Cdc37
(Stancato et al., 1993).

Figure 5. Hormone binding to AR
in wild-type and cdc37-34 mutant
strains. (A) Titration of [PH]R1881 in
yeast cells expressing AR. Wild-type
(WT; squares) and cdc37-34 mutant
cells (triangles) were tested at 25°C
(open symbols) and 37°C (closed
symbols). (B) Hydroxyflutamide
competition assay. hsp82517°P mu-
tant and cdc37-34 mutant cells were
incubated at 25°C (lanes 1, 2, 5, and 6,

2 3
+] |-

respectively) or at 37°C (lanes 3, 4, 7,
and 8, respectively) with (even lanes)
or without (odd lanes) 250-fold ex-
cess of hydroxyfutamide in the pres-

4 5'6 7'8
+]|-_+]l- +| OHF

R1881 (nM)

hsp82
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25°C 37°C 25°C 37°C

ence of 100 nM [3H]R1881. Results
are expressed as a percentage of the
[®H]R1881 binding in the presence of

cde37 hydroxyflutamide (OHF).
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Figure 6. Transactivation by GR in wild-type and cdc37-34 mutant
strains. (A) B-Galactosidase activity in wild-type (WT; lanes 1 and 2)
and cdc37-34 (lanes 3 and 4) mutant strains containing GR. Cultures
were incubated at 25°C (A) or 37°C (B) for 1 h before addition of
DOC to 100 nM. Samples in lanes 1 and 3 contained no hormone.
Results are the mean of three independent experiments.

Similar activation differences between steroid hor-
mone receptors have also been observed in yeast cells
expressing mutant forms of Hsp90. The most striking
example of this was the hsp82F431K mutant, in which
GR activation was reduced to 6% of the wild-type
level without affecting hormone-dependent activation
of estrogen receptors (ER), mineralcorticoid receptors
(MR), or progesterone receptors (PR), whereas the
activity of all four receptors was severely reduced in
the hsp82©313N mutant (Bohen and Yamamoto, 1993).
In other studies, GR activation was severely affected in
the hsp82©17°P mutant (Nathan and Lindquist, 1995),
whereas AR activation was reduced in the same strain
by only threefold in the presence of saturating concen-
trations of hormone (Fang et al., 1996). These examples
reflect upon the allele specificity of Hsp90 function in
receptor activation, and while the origins of this spec-
ificity remain unclear, they demonstrate that individ-
ual steroid hormone receptors have distinct properties
relating to activation.

Our results provide the first demonstration for
Cdc37p function in steroid hormone receptor regula-
tion. In several previous reports, p50/Cdc37p was
observed to function only in the regulation of protein
kinases (Gerber et al., 1995; Valay et al., 1995; Dey et al.,
1996; Stepanova et al., 1996), although other roles have
been proposed (Grammatikakis et al., 1995). This raises
the possibility that Cdc37p may act indirectly on the
AR via a protein kinase. In transfection studies using
animal cells, however, deletion of the major phosphor-
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ylation sites failed to reduce AR transactivation by
more than 30% (Jenster et al., 1994; Zhou et al., 1995).
This suggests that phosphorylation does not play a
major regulatory role in hormone-dependent gene
regulation, although it may be important for hormone-
independent mechanisms of activating AR (see Naz-
areth and Weigel, 1996). Thus, if Cdc37p does not
function in AR activation indirectly via a protein ki-
nase, it is probably acting directly on the AR itself,
perhaps in association with Hsp90 via the ligand-
binding domain. In support of this hypothesis, we
have observed Cdc37p to coisolate with His-tagged
Hsp90 from yeast cell extracts (our unpublished ob-
servations).

Steroid hormone receptors are regulated by the se-
quential binding of distinct Hsp90 protein subcom-
plexes. In the case of PR, these bind in a defined order
and establish the high affinity hormone-binding state
(Smith, 1993; Smith et al., 1995). Hsp90 dissociates in
the presence of hormone, which is followed by recep-
tor dimerization and DNA binding. How Cdc37p
might fit into this pathway is unclear, since its loss of
function did not significantly affect hormone binding
to AR (Figure 5), and it does not appear to associate
with  unliganded steroid hormone receptors
(Whitelaw ef al., 1991; Stancato et al., 1993; Nair et al.,
1996). This leaves open the possibility, however, that
Cdc37p functions in the activation pathway down-
stream of hormone binding. If Cdc37p functions at
such a late stage in receptor activation, its action may
be related to the conversion of a ligand-bound but
inactive receptor to one that is active. Little is known
of the allosteric changes which mediate receptor acti-
vation. However, since Cdc37p functions via the hor-
mone-binding domain, it is possible that it facilitates
some of the structural changes that result in receptor
activation.

Previous reports have demonstrated a role for
Cdc37 in regulation of protein kinase activity. In the
cdc37-1 mutant for example, Cdc28p levels are re-
duced and complexation with cyclins is impaired
(Gerber et al., 1995); furthermore, the activity of the
Mpsl kinase is also reduced in the same mutant
(Schutz et al., 1997). In the cdc37-34 mutant, p60v-=s
levels are reduced and the protein aggregates at the
restrictive temperature. Also, Kimura et al. (1997) have
recently demonstrated that Cdc37p acts as a molecular
chaperone by stabilizing partially folded proteins. Per-
haps, therefore, Cdc37 acts in a similar manner on the
AR, although it appears not to be as important for GR
activation.

Several aspects of p60¥=" and steroid hormone re-
ceptor regulation appear to be very similar. Activation
of both requires almost identical conditions and pro-
tein components, including the molecular chaperones
Hsp90, Hsp70, and dnaJ homologues (Smith et al.,
1992, Hutchison et al., 1994, Kimura ef al., 1995; Dey et
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al., 1996a). Also, complexes formed between Hsp90
and protein kinases or steroid hormone receptors are
stabilized by molybdate ions and both are sensitive to
the action of geldanamycin (Hutchison et al., 1992;
Stancato et al., 1993; Johnson and Toft, 1995; Smith et
al., 1995, Whitesell et al., 1994; Schulte et al., 1995).
These similarities suggest that a single pathway exists
for the regulation of different types of signal transduc-
tion molecules by the Hsp90 chaperone machine. The
experimental detection of specific Hsp90 co-chaper-
ones may therefore depend on the relative kinetics of
their action, or their stability in multi-chaperone com-
plexes.

Further studies will be required to distinguish be-
tween these possible modes of Cdc37p action in AR
and GR activation. The studies described in this report
suggest, however, that hormone binding to the AR
does not by itself lead to activation. Instead, there
appear to be distinct events which involve the action
of Cdc37p. What these steps are and which other
components of the Hsp90 chaperone machinery are
involved remain to be determined.
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